Increased levels of reactive oxygen species (ROS), i.e. oxidative stress, is considered a 1 common mechanism of several cardiovascular and other disease states 1 . In concert with 2 different nitrogen species 2-4 , ROS can lead to protein nitration, e.g. tyrosine residues 3 (NO2Tyr). Tyrosine nitration is the most frequently used and considered the most robust 4 disease marker of oxidative stress [5][6][7] . Its detection relies mainly on NO2Tyr specific 5 antibodies [8][9][10] . With respect to the nitrogen source, anti-NO2Tyr immunopositive signals 6 are generally interpreted as a hallmark of nitric oxide (NO) being scavenged by superoxide 7 and intermediate peroxynitrite 9,11,12 , although other mechanisms exist 13 . Regarding the 8 functional consequences of protein nitration few in vitro data exist suggesting mainly loss 9 of protein function correlating with disease severity [14][15][16][17] . In vivo data are lacking. 10
Immunopositive protein tyrosine nitration is considered a disease marker for oxidative 2 stress. The mechanism of nitration, target proteins and functional consequences, however, 3 remain often unclear. We here focus on a prominent protein band in mouse, rat and pig 4 heart surprisingly nitrotyrosine immunopositive under basal conditions. Upon purification, 5
we identify it as lactate dehydrogenase (LDH) and its basal nitration mechanism 6 depending on NO synthase and myeloperoxidase. Surprisingly, we locate LDH nitration by 7 mass spectrometry not to tyrosine but to a C-terminal tryptophan, Trp-324. Molecular 8 dynamics simulations suggested that Trp-324 nitration restricts the interaction of the active 9 site loop with the C-terminal a-helix essential for activity explaining the observed lower 10
Vmax. Protein nitration is thus not merely a disease marker but also a physiological event. 11
In cardiac LDH, this extends to tryptophan modification limiting enzyme activity under 12 basal and metabolic stress conditions. Since we did observe a Vmax effect on NO2-LDH, we wanted to investigate whether there is 4 a likely structural correlate for this via Trp-324. We therefore modeled the nitration into the 5 structure of tetrameric and binary human LDH, and then performed molecular dynamics 6 simulations. For distance metrics of human LDH and key structural components refer to 7 Fig. 5b . The root-mean squared fluctuations (RMSF) of all atoms in each residue were 8 averaged across the four subunits in each combined 3.5 µs trajectory ( Supplementary Fig.  9 3). Subtracting the wildtype tetramer (WT) RMSF from the T4N (tetramer with NO2Trp-324 10 residue on each subunit) highlighted differences in mobility between the dynamics of the 11 WT compared with NO2Trp-LDH ( Fig. 5c ). Positive values in the resulting graphs indicated 12 greater mobility of residues in T4N compared with WT and vice versa. Moreover, distance 13 histograms ( Fig. 5d-e ) show an increased mobility in the binary complexes compared with 14 the ternary, expressed as a broadening of the histograms. 15
We found that NO2Trp-LDH weakened the interaction between a-H and the active site 16
loop. This decoupling led to a greater population of closed and "over-closed" states of the 17 T4N active-site loop. By corollary, in WT LDH, the open active-site loop states are partly 18 stabilized by interaction with the a-H helix. Therefore, nitration of LDH is expected to 19 decrease LDH activity, consistent with our enzyme-kinetic findings (see Fig. 2d-e ).
Discussion 1
We here close three major knowledge gaps in our understanding of protein nitration: 2 specificity, origin, and disease relevance. With respect to the specificity of protein nitration, 3 a vast heterogeneity of proteins are detected by supposedly uniform anti-NO2Tyr 4 antibodies. Moreover, tryptophan nitration (NO2Trp) was a cofounding factor of our 5 apparent NO2Tyr-immunosignals. Protein NO2Trp formation has been described in 6 isolated proteins treated with H2O2/NO2in vitro 31-34 , peroxynitrite-exposed cells 35 , and as 7 physiological modification during aging in rat heart mitochondria 29 . Trp is an alternative 8 target of nitration that deserves more attention 36, 37 and immunosignals by anti-NO2Tyr 9 antibodies should rather be interpreted as NO2Tyr/ NO2Trp signals unless purified and 10 chemically validated. Rebrin et al. 29 reported Trp nitration of succinyl-CoA:3-ketoacid CoA 11 transferase (SCOT), which could not be reproduced by Wang et al. 38 . Whether Trp 12 nitration has a functional consequence on SCOT remained unclear because both 13 activation and inactivation were observed 29 . In hindsight, SCOT nitration is also the first 14 documented example where Trp nitration has been mistaken as Tyr nitration based on 15 cross-reactivity of a supposedly NO2Tyr specific antibody 39 , and many more of these 16 examples may exist in the literature. 17
With respect to the origin of the nitrating nitrogen in NO2Tyr/ NO2Trp positive proteins, we 18
show that both eNOS/NO and MPO/nitrite pathways, and possibly others, need to be 19 equally considered and that the a priori assumption that NO2Tyr immunosignals indicate 20 NO scavenging by superoxide is not valid. Nevertheless, the effects of KO of eNOS and 21 MPO are significant but not great. Previous data shows that NO modifications persist in 22 the absence of active NO synthesis and dietary NOx intake (e.g., in eNOS -/animals on a 23 low-NOx diet and under the acute action of the NOS-inhibitor, L-NIO, or in Wistar rats on 24 low-NOx diet with chronic administration of L-NMMA) 40 . Moreoever, NO levels remain 25 essentially unchanged upon deletion of each NOS isoform. Accordingly, these findings reflect the action of a compensatory mechanism that maintains basal levels of NO 1 metabolites in tissues e.g. constant upregulation of remaining NOSs in an attempt to 2 restore basal levels. 3
With respect to disease relevance, probably our most relevant finding is that protein 4 tryptophan nitration is a physiological event. This represents a similar dogma shift as for 5
ROS formation, which also should not be a priori considered as oxidative stress and a 6 disease marker. Thus, both ROS and reactive nitrogen and protein nitration represent 7 physiological events, even though they may be upregulated in disease as we show for 8 diabetes and cardiac stress (see Fig. 3 ). 9 Not many specific functional consequences have been described for protein nitration. 10
Assuming Trp nitration and activity modulation of both LDH (decreasing activity) and 11 SCOT (increasing activity) would occur, this may be a protective mechanism, allowing the 12 heart to better utilize ketone metabolism for energy production at a time when other 13 metabolic processes may be diminished 28, 29 . Molecular dynamics simulations were 14 performed on NO2-LDH, aiming to understand the impairment of the enzyme activity (see 15
). While differences in activity between WT and T4N of a factor of two is significant in 16 physiological terms, it corresponds to minor changes in the free energy states in the 17 catalytic process. The catalytic cycle of LDH is a well understood ordered bi-bi reaction 18 mechanism where substrate and product enter and leave the active-site, with concomitant 19 closing and opening of the active-site loop, after cofactor binding. Detailed kinetic 20 characterization of LDH from Bacillus stearothermophilus 41 and Plasmodium falciparum 42 21 has revealed this loop movement to be a rate limiting step in the reaction mechanism. Any 22 perturbation of this delicately balanced conformational change is expected to compromise 23 the catalytic activity of the enzyme. We suggest that conformational movement of the 24 active-site loop in cardiac LDH is also a rate limiting step and the weakening of the 25 interaction between this loop and the a-H helix in T4N (as described in our results) is responsible for the impaired catalytic activity. Whether tryptophan nitration effects the 1 conversion of either pyruvate or other 2-oxo/-2-hydroxy acids warrants further 2 investigation. 3 Like many enzymes, LDH post-transcriptional activity is regulated by phosphorylation and 4 acetylation of amino acid residues. The tyrosine kinase FGFR1 has been shown to directly 5 phosphorylate LDH at Y10 and Y83 43 . Y10 phosphorylation of LDH promotes active, 6 tetrameric LDHA formation, whereas phosphorylation of Y83 promotes NADH substrate 7 binding. Our finding obviously promotes the opposite, suggesting an antagonistic effects of 8 tyrosine phosphorylation and tryptophan nitration. Inhibition of LDH reduces aerobic 9 glycolysis, gene transcription, channel complex regulation, molecular chaperones and cell 10 cycle regulation. Cells are then forced to use oxidative phosphorylation and pyruvate 11 enters the mitochondria. This leads to reactive oxygen species (ROS) generation 44 . Since 12 the nitration is already a ROS-induced event, this may be a mechanism of ROS-induced 13 ROS formation 45 , which in heart is protective triggering for example capillary density and 14 angiogenesis 46,47 . 15
In conclusion, cardiac LDH appears to be the first protein basally regulated by nitration 16 and not only a loss-of-function biomarker of metabolic stress. NO2-LDH has a lower Vmax 17 and the nitration is further increased under cardiac metabolic stress. Furthermore, in vivo 18 201-209 (1996) . identified via MALDI-TOF as LDH. NO2-LDH activity was also assessed. We identified the 9 nitrated residue and simulated the effect of the nitration in the protein structure and 10 mechanism using human LDH. Left panel: Different rodent models, as well as knock-out 11 mouse models were used to elucidate the effects of NO2-LDH in disease, diabetes and 12 myocardial stress, and the enzymatic sources of reactive nitrogen species (RNS) leading 13 to LDH nitration, respectively. Aldrich Chemie GmbH (Taufkirchen, Germany) or Merck KG (Darmstadt, Germany). 20
Animals 21
Adult male Wistar Unilever rats (270-320 g) were purchased from Harlan-Winkelmann 22 (Borchen, Germany). eNOS and MPO KO mice were generated and bred as described 23 previously (19). Rats and mice were housed under standard or SPF conditions, respectively, 24 at a temperature of 18-20°C and a day-night rhythm of 12 h, with access to water and food 25 ad libitum. Porcine hearts were obtained from a local abattoir.
If not stated otherwise, nitration was performed by continuous mixing protein and nitrating 2 reagent (H2O2/NO2 -) in a 1:5 molar ratio in phosphate buffer pH 7.3 (15 mM KH2PO4, 80 mM 3 Na2HPO4) for 5 min at room temperature. Due to the strong alkaline storage conditions of 4 H2O2/NO2 -, the pH in the samples was immediately readjusted to neutral pH with HCl. No 5 further purification or dialysis steps were conducted. For longer storage, samples were 6 aliquoted and frozen at -20°C and used within 1 month or mixed with gel loading buffer and 7 boiled for 10 min at 95°C for daily use. In this case, no change in signal characteristics or 8
intensities was observed over time. 9
SDS-PAGE, western and dot-blot analysis 10
Protein samples were separated by sodium dodecylsulfate-polyacrylamide gel 11 electrophoresis (SDS-PAGE) under reducing conditions using 10% polyacrylamide gels. were pre-incubated with 3 mM NO2Tyr. Alternatively, in order to reduce NO2 groups of 24 nitrated proteins to NH2 groups, blots were first incubated with the reducing agent dithionite with TBS-T and then incubated with anti-NO2Tyr antibody (41). As second antibody, we 1 used horseradish peroxidase (HRP)-coupled antibodies against rabbit immunoglobulins (Ig) 2 for polyclonal first antibodies or against mouse Ig for monoclonal first antibodies. HRP-3 labeled conjugates against the first antibodies were dissolved in 5% (w/v) nonfat dry milk in 4 TBS-T. After washing 3 X 10 min with TBS-T the immunosignals were developed using the 5 ECL detection reagent by Amersham Biosciences and blots were analyzed using a Kodak 6 chemiluminescence Imager (Scientific Imaging System, Eastman Kodak Company, New 7
Haven, USA). The resolution of the imager was 752 x 582 pixels and the linear area of signal 8 quantification was verified by repeated measurements using increasing protein amounts. 9
Light signals were directly quantified employing the Kodak 1D Image analysis software 10 (version 3.5.2). 11
Screening of tissues and determination of nitrated proteins 12
Several tissues from rat and pig were homogenized in 10 volumes (w/v) of lysis buffer, 13 containing 25 mM triethanolamine HCl (TEA) pH 7, 1 mM EDTA, 5 mM dithiothreitol, 50 mM 14 NaCl, 10 % (v/v) glycerol and Complete TM Protease Inhibitor Cocktail (Roche, Mannheim, 15
Germany). For long-term storage, the homogenates were shock frozen in liquid nitrogen and 16 stored at -20 °C. For daily use, gel loading buffer was added to the samples and heated to 17 95°C for 10 min. Any remaining particles were pelleted by centrifugation in a desktop 18 centrifuge (10000 x g, 10 min, 4°C). The samples were first screened by use of all antibodies 19 listed in Tab. 1 by dot blot analysis. Tissues that yielded more than 4 hits by all antibodies 20 were subjected to further analysis by SDS-PAGE and western blot as described above. 21
Characterization and isolation of a 38 kDa protein in pig heart tissue 22
A column packed with 2 ml of Blue Sepharose resin (Amersham Bioscience) was washed 23 and pre-equilibrated with 10 mL lysis buffer. Pig heart supernatant (1 mL) was applied to the 24 column. The flow-through was subsequently applied to 1 mL Q-Sepharose column that was
In-gel digestion of rat heart samples 20
In-gel digestion was conducted as previously described (43). Briefly, the well-resolved 21 protein spot of interest was punch-excised using wide-orifice pipette tips. Gel pieces were 22 destained with 100 mM ammonium bicarbonate, pH 9/50% acetonitrile, and were washed 23 three times with wash solution 1 (100 mM ammonium bicarbonate, pH 9), wash solution 2 24 (100 mM ammonium bicarbonate, pH 9/50% acetonitrile), followed by wash solution 3 (100% 25 acetonitrile). Gel pieces were swelled in 50 mM ammonium bicarbonate, pH 9/10% acetonitrile, containing approximately 10 ng Trypsin Gold (Promega) and incubated 1 overnight at 37°C. Peptides were extracted (each time for 20 min) once with 20 mM 2 ammonium bicarbonate, pH 9, twice with 1% trifluoroacetic acid/50% acetonitrile, followed 3 by once with 100% acetonitrile. The entire extraction process was performed in duplicate, 4 and all extraction supernatants were pooled and spun to dryness in a SpeedVac™ (Thermo-5 Savant, Waltham, MA). 6
MALDI-TOF MS of rat heart samples 7
Peptides were desalted and prepared for MS using ZipTips™ (Millipore). Mass spectra 8 were obtained after purified peptides were co-crystallized with the matrix 2,5- (corresponding to an E value of 6 X 10 -12 , the likelihood of a false assignment) and a 25 sequence coverage of 65% from 35 matched peptide ions, given search parameters.
Additional peptide ion assignments (as well as validation of Mascot™ assignments) were 1 made by manual inspection of spectra using theoretical digest and post-translational 2 modification mass values for LDH. 3
LDH activity, oxidation and nitration by H2O2/NO2 -4
Commercial LDH was treated with different amounts of peroxynitrite as described above. 5
Aliquots of H2O2/NO2were diluted with 2 M NaOH to reach the desired concentrations 6 indicated in Fig. 2 . LDH activity and kinetic parameters of exogenously nitrated LDH were 7 measured using a fluorescence-based assay, using excitation/emission setting of 340/470 8 nm, respectively. The assay used uses the fluorescent properties of NADH which can be 9 excited at 340 nm and emission is measured at 440 nm. The oxidized form of NADH, NAD + , 10 does not have these properties. Measurements were collected every 20 seconds during 5 11 minutes. The final concentrations in the reaction were LDH, 2 mU/mL, NADH 0.12 mM and 12 Sodium pyruvate 1.13 mM. Nitration of LDH was measured as the intensity of the NO2Tyr 13 immunosignal in arbitrary units. 14
Molecular Dynamics Methods 15
System setup: Two simulation systems were setup based on the crystal structure of the 16 ternary complex of human-heart LDH (pdb 1I0Z). One being the wild type tetramer (WT) and 17 the other being the tetramer with a nitro group substituted at each Trp-324 residue (T4N). 18
The oxamate molecules were converted to pyruvate and acpype (45) used to generate 19
Amber GAFF parameters for the substrate and cofactor molecules. A combination of GAFF 20 parameters for nitrotryptophan and analogy was used to generate a residue library entry for 21 a nitrotryptophan in the Gromacs AmberSB99-ildn forcefield (46). Gromacs tools were used 22 to add hydrogen atoms to all residues consistent with pH 7 and to protonate the catalytic 23 histidine (His-193). The complexes were solvated in boxes of TIP3P water containing 0.15 24 and the temperature 300 K for all molecular dynamics (MD) simulations. Both systems were 1 relaxed by 2000 steps of steepest descent energy minimisation followed by 0.2 ns MD while 2 restraining the protein atoms to their initial positions. 3
Another pair of simulation systems were prepared in the same fashion, with the pyruvate 4 removed. This gave a total of four simulation systems, referred to as WT-ternary, WT-binary, 5 T4N-ternary and T4N-binary. trajectory was initialized with a fresh set of random velocities and run for 28-31 ns on the 12 UK National HPC machine Archer, giving around 3.5 µs combined simulation data for each 13 system. All simulations were run and analyzed using the Gromacs 5.1.2 suite of software 14 (47) and visualizations performed with VMD 1.9.2 (48) and Chimera 1.11 (49). 15
Molecular Dynamics Analysis 16
The active site loop (residues 98-110) was found to be less mobile in T4N than WT in the 17 binary complex (LDH+NADH), while the C-terminal helix (a-H) and the juxtaposed loop 18 (residues 277-287) were more mobile in T4N. The lower mobility of the active site loop is 19 also detectable in the ternary complex (LDH+NADH+pyruvate) albeit greatly attenuated, 20 while the C-terminal helix mobility is similar to the WT. The other main features in these plots 21 are the differences in mobility of the 205-225 loop. However, as this is one of the most 22 flexible parts of the protein and is not located near the active site we do not consider these 23 differences to impact the activity of the two proteins. By contrast, the C-terminal side of the 24 active site loop juxtaposes the C-terminal end of the final helix in the protein, a-H (residues to a yellow clean solution, it was stirred at 4°C until it changed again to a suspension. Then 19 an additional 10 mL fuming nitric acid in 30 mL glacial acetic acid were added drop by drop 20 at 15°C. After stirring overnight at room temperature, the resulting yellow precipitate was 21 collected by filtration and washed with glacial acetic acid. The crude product was 22 recrystallized in 100 mL 2 M nitric acid at temperatures below 50°C and converted to the 23 free amino acid in 100 mL hot water by the addition of sodium carbonate until the pH was 24 neutral. As analyzed by its infrared (IR) and nuclear magnetic resonance (NMR) spectra, no nitric acid on the tryptophan ring (16), the products of the synthesis with respect to UV 1 spectrum are a mixture of 5/6-NO2Trp. NO2Trp crystallized as yellow needles with a melting 2 point at 265°C (decomp.). The compound was characterized according to: UV (in 1 N NaOH) 3 330 nm, 380 nm; IR (KBr) n(-NH3 + ) 3190 cm -1 , n(C=C) and amide I 1600-1650 cm -1 , amide 4 II and d(-NH3 + ) 1550-1600 cm -1 , nas(-NO2) 1495 cm -1 , ns(-NO2) 1330 cm -1 , predominantly 5 5/6-NO2 substitution at 818 cm -1 instead of 4-NO2 substitution at 780 cm -1 ; NMR (D2O-6 NaOH, d 4.7 HDO) d 2.9-3.1 (2H, m), 3.4-3.6 (1H, m), 7.35 (1H,s), 7.5 (1H, d, J= 9 Hz), 7.7 7 (1H, dd, J= 2 and 9 Hz), 7.95 (1H, d, J= 2 Hz). 8
Animal models of disease 9
To examine LDH nitration under pathophysiological conditions, two in vivo models involving 10 nitrative stress were assessed, including a short-and longer-term streptozotocin diabetes 11 model in the rat, and a murine model of doxorubicin-induced cardiotoxicity. 12
Streptozotocin model of diabetes mellitus 13
At an age of 10 weeks, rats (n=12) received a single intraperitoneal injection of 60 mg/kg 14 BW of streptozotocin (STZ) dissolved in citrate buffer 50mM pH 4,5. Age matched control 15 rats (n=12) received vehicle injections with citrate buffer. Hyperglycemia was defined as a 16 positive test of glucose in urine (Haemo-Glukotest, Boehringer Mannheim, Germany) and a 17 non-fasting blood glucose level higher than 11 mmol/L (hexokinase method) one week after 18 STZ application. Rats were sacrificed 3 (n=12) and 16 weeks (n=12) after diabetes induction 19 by CO2-inhalation. After thoracotomy, hearts were excised and freed of connective tissue 20 while immersed in modified Krebs-Hepes buffer pH 7.35 containing 99 mM NaCl; 4.7 mM 21 KCl; 1.9 mM CaCl2; 1.2 mM MgSO4; 25 mM NaHCO3; 1 mM K2HPO4; 20 mM Na-Hepes; 22 11.1 mM D-glucose. Hearts were shock frozen in liquid nitrogen, pulverized, and 23 homogenized in lysis buffer. For SDS-PAGE and western blot, gel loading buffer was added 24 and protein concentrations were determined after TCA precipitation by the method of Lowry. Figure 1 . Anti-NO2-Tyr antibodies greatly vary in sensitivity and 2 specificity in native tissues. Dot blot screen of tissue homogenates of porcine pulmonary 3 artery and heart, and rat heart, lung, kidney, cerebellum, spleen and cortex. For each dot, 4 50 µg or, in the case of pulmonary artery, 100 µg of protein were blotted onto a nitrocellulose 5 membrane. NO2Tyr-immuno-positive proteins were then detected using antibodies pAb1, 6 pAb2 or mAb1. NO2BSA was used as a positive control; pre-incubation with 3 mM free 7
Supplementary
NO2Tyr, as a negative control (+). 
